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ABSTRACT
The satellites of the Milky Way and Andromeda represent the smallest galaxies we can
observe in our Universe. In this series of papers we aim to shed light on their formation
and evolution using cosmological hydrodynamical simulations. In this first paper we
focus on the galaxy properties before accretion, by simulating twenty seven haloes
with masses between 5× 108 and 1010M. Out of this set nineteen haloes successfully
form stars, while eight remain dark. The simulated galaxies match quite well present
day observed scaling relations between stellar mass, size and metallicity, showing that
such relations are in place before accretion. Our galaxies show a large variety of star
formation histories, from extended star formation periods to single bursts. As in more
massive galaxies, large star formation bursts are connected with major mergers events,
which greatly contribute to the overall stellar mass build up. The intrinsic stochasticity
of mergers induces a large scatter in the stellar mass halo mass relation, up to two
orders of magnitude. Despite the bursty star formation history, on these mass scales
baryons are very ineffective in modifying the dark matter profiles, and galaxies with a
stellar mass below ≈ 106M retain their cuspy central dark matter distribution, very
similar to results from pure N-body simulations.
Key words: cosmology: theory – dark matter – galaxies: formation – galaxies: kine-
matics and dynamics – methods: numerical
1 INTRODUCTION
In a universe dominated by Dark Matter and Dark Energy,
galaxy formation is a complicated mixture of dark matter as-
sembly, gas infall and secular evolution. In the current model
for structure formation (e.g. White & Rees 1978; Blumen-
thal et al. 1984) small dark matter haloes form first, and
then they subsequently merge to form larger ones. At the
same time, gas cools and collapses into the potential well of
these dark matter haloes where star formation takes place,
giving rise to the first galaxies.
Dwarf galaxies represent the low mass end of the cos-
mic assembly process, and among them, satellite galax-
ies in the Local Group provide the smallest-scale objects
(Mstar < 10
7M) to test our understanding of the galaxy
formation process at the edge of its domain.
? maccio@nyu.edu
Small scales are a notoriously difficult test-bed for the
most used cosmological model, which is based on the cosmo-
logical constant (Λ, Riess et al. 1998; Perlmutter et al. 1999)
that sets the current expansion of the Universe, and the Cold
Dark Matter paradigm (CDM, e.g. Peebles 1984). Such a
ΛCDM model has been challenged several times on the scales
of dwarf galaxies, from the missing satellites problem (e.g.
Klypin et al. 1999; Moore et al. 1999), to the cusp-core di-
chotomy (e.g. Flores & Primack 1994; Moore 1994; Oh et al.
2015) and more recently due to the so called ”too-big-to-fail”
problem (Boylan-Kolchin et al. 2011) and the apparent pla-
nar configuration of satellite galaxies around the Andromeda
galaxy and our own Milky Way (Ibata et al. 2013, but see
Buck et al. (2015, 2016)).
All these problems arose from the (somewhat fallacious)
comparison of pure gravity (N-body) simulations with real
data based on the observations of baryons. Thankfully in
the recent years we have witnessed a large improvement in
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our ability to simulate structure formation including baryons
both on large cosmological scales (e.g. Schaye et al. 2015; Vo-
gelsberger et al. 2014a; Sawala et al. 2016b,a) and for single
objects both on the scale of the Milky Way (e.g. Maccio`
et al. 2012b; Stinson et al. 2013; Aumer et al. 2013; Hopkins
et al. 2014; Marinacci et al. 2014; Wang et al. 2015; Dutton
et al. 2015; Wetzel et al. 2016) and on the scale of dwarf
galaxies (e.g. Governato et al. 2012; Simpson et al. 2013;
On˜orbe et al. 2015; Sawala et al. 2016a; Fitts et al. 2016)
These simulations have strongly increased our under-
standing of galaxy formation and alleviated, if not solved,
most of the ΛCDM problems on small scales (e.g. Zolotov
et al. 2012; Sawala et al. 2016b; Tollet et al. 2016; Wetzel
et al. 2016)
It is nowadays possible to run simulations of a single
galaxy with several million elements, and to do this for sev-
eral galaxies covering a large fraction of their mass spec-
trum (Wang et al. 2015; Chan et al. 2015). Despite these
advancements it is still very hard to attain such a resolu-
tion (106 elements) for the satellites of our own Galaxy in
a full cosmological context, since this will require to resolve
the whole object (Milky Way + satellites) with more than a
billion particles. For comparison the best simulation today
of the Milky Way, the Latte project (Wetzel et al. 2016) has
achieved ∼ 107 elements.
For this reason different approaches have been tried in
the literature. In general the evolution of a satellite galaxy
can be split in two parts, its formation and evolution before
being captured by its final host (the isolation phase) and
the accretion and subsequent evolution within the host (the
satellite phase). In this optic many authors have decided to
somehow neglect the formation process and to focus their
attention on the second phase, by studying the effects of
ram pressure and tidal effects of model (pre-cooked) galax-
ies while orbiting their host (e.g. Kazantzidis et al. 2004;
Mayer et al. 2006; Kang & van den Bosch 2008; D’Onghia
et al. 2009; Chang et al. 2013; Kazantzidis et al. 2017, and
references therein).
In this work we want to combine the two approaches,
cosmological simulations and simulations of galaxy accre-
tion: namely we want to use cosmological hydrodynamical
simulations to generate the initial conditions for the isolated
simulations of satellite galaxy interaction. In this first paper
(hereafter PaperI) we present the results of a set of 27 high
resolution simulations of galaxies forming in dark matter
haloes with masses between 5×108 and 1010M. These sim-
ulations are meant to represent the properties of the satellite
galaxies before accretion, that we assume to happen at z = 1.
In the second paper (Frings et al. 2017, hereafter PaperII) we
will study in detail the environmental effects (ram pressure,
tidal forces, mass removal, etc.) on the galaxy properties
untill today’s time.
The goal of our approach is to use more realistic initial
conditions to better understand the effects of accretion and
environment on the evolution of the smallest galaxies we see
today.
This paper is organized as follows, in section 2 we will
introduce our code and the hydrodynamical cosmological
simulations used in this paper. In section 3 we will present
the evolution of our galaxies from redshift ∼ 100 to accretion
redshift that we set equal to one (Maccio` & Fontanot 2010).
We will concentrate on scaling relations between structural
Res mdm mgas dm gas
M M pc pc
1 4.58× 103 9.14× 102 47 21
2 2.02× 103 4.04× 102 31 14
3 1.36× 103 2.70× 102 31 14
4 6.00× 102 1.19× 102 21 9
Table 1. The four different Mass and spatial resolution levels
used in our simulations.
parameters, on the dark matter, gas and stellar content and
on the relation between star formation and dark matter re-
sponse. In section 4 we will present our discussion and con-
clusion on this first phase of the life of (future) satellites,
while we leave to PaperII the description of the accretion
phase.
2 SIMULATIONS
2.1 Initial Conditions
The simulations presented here are a series of fully cosmolog-
ical “zoom-in” simulations of galaxy formation run in a flat
ΛCDM cosmology with parameters from the 7th year data
release from the WMAP satellite (Komatsu et al. 2011):
Hubble parameter H0= 70.2 km s
−1 Mpc−1, matter density
Ωm = 0.2748, dark energy density ΩΛ = 1 − Ωm − Ωr =
0.7252, baryon density Ωb = 0.04572, power spectrum nor-
malization σ8 = 0.816, power spectrum slope n = 0.968. The
haloes simulated in this paper have been initially selected
from two cosmological boxes of size L = 10 and L = 15
h−1Mpc and initially run at two different resolutions either
with 4003 with 3503 dark matter particles.
We chose 27 haloes to be re-simulated at much higher
resolution using (depending on the mass) a zoom in factor of
83 or 123, and with the inclusion of baryons. We use a mod-
ified version of the grafic2 package (Bertschinger 2001) as
described in Penzo et al. (2014) to create the zoom-in ini-
tial conditions. Depending on the initial number of particles
(4003 or 3503), the box size (10 or 15 h−1Mpc ) and on
the zoom level (8 or 12) we attain slightly different mass
resolutions for the different galaxies. In all cases we have
about one million elements within the virial radius at z = 1.
The softening has been chosen to be ≈ 1/70 of the intra-
particle distance (Power et al. 2003) for the dark matter,
and it has been rescaled for the gas as the square root of
the mass difference in order to ensure a constant force res-
olution (Moster et al. 2010). For the dark matter it ranges
from 47 pc to 21 pc and from 21 to 9.4 pc for the gas. Our
choice of softening is just a rescaling of the NIHAO resolu-
tion (Wang et al. 2015), which provides a convergence radius
well below 1% of the virial radius (see discussion in Tollet
et al. 2016). Our high numerical resolution also ensures us
that the half mass radius of the galaxy is resolved with at
least few hundred mass elements, allowing us to study the
response of dark matter to galaxy formation on the scales
probed by the observations. Table 1 contains all the needed
information about the mass and space resolution.
Star particles have an initial mass set to equal to 1/3 of
the gas particle mass, They then return a fraction of their
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Figure 1. The mass accretion history of our simulations. Solid
(dotted) lines indicate haloes that are ”centrals” (”satellites”) at
z = 0. Red is used for luminous satellites, while black represents
dark ones.
mass to the IGM via stellar winds (see Shen et al. 2010, for
more details), this implies that even our least (stellar) mas-
sive galaxies are resolve with several hundred stellar parti-
cles. Table 2 contains the detailed information on the prop-
erties of each galaxy, the last column refers to the corre-
sponding resolution in table 1.
2.1.1 Central vs. Satellite-like initial conditions
Since we aim to compare our z = 1 simulation results with
the properties of local galactic satellites one might wonder
if selecting haloes that are actual satellites at z = 0 (but
still isolated at z = 1) would make a difference w.r.t. using
haloes that are isolated (centrals) also at z = 0.
In order to test this point we have selected our haloes
to be zoomed from two different environments. Galaxies at
resolution 2 and 4 have been selected to be isolated by z = 0,
meaning they are the ”central” object in their halo. Galaxies
at resolution 1 and 3, on the contrary, are all ”satellites” of
a more massive object (at least a factor or 20) by z = 0.
Despite the very different final environment, the two classes
of objects have, at a fixed mass, very similar mass accretion
histories (up to z = 1) and formation redshifts as shown
in figure 1. As a consequence the luminous properties of
the galaxies at z = 1 do not clearly separate in any of the
correlations we have studied in this paper; we have then
decided to treat all haloes as a single family.
2.2 Hydrodynamical code
All haloes have been run only to z = 1, since after this time
we assume that the haloes will be accreted onto a more
massive object, becoming hence satellites (e.g. Maccio` &
Fontanot 2010). The evolution of our haloes after accretion
M200 Mstar Mcoldgas r
2D
h σv Res
M M M pc km s−1
1.13 ×1010 4.47 ×106 8.62× 107 337 12.3 3
1.03 ×1010 8.97 ×106 2.44× 107 630 15.1 3
6.33 ×109 1.05 ×106 1.73× 107 148 9.3 1
6.02 ×109 3.74 ×106 1.46× 107 553 13.1 3
5.72 ×109 1.81 ×106 3.22× 107 243 8.3 3
5.70 ×109 1.19 ×106 3.08× 105 219 5.6 2
5.55 ×109 4.53 ×106 1.31× 106 394 10.6 2
5.01 ×109 4.59 ×104 2.08× 106 151 6.2 2
4.48 ×109 5.65 ×105 5.48× 106 301 10.6 3
4.45 ×109 1.27 ×106 1.29× 107 212 7.6 2
4.09 ×109 7.41 ×105 9.78× 106 172 8.6 2
3.89 ×109 1.29 ×106 8.05× 106 260 11.3 2
3.81 ×109 0 0 - - 2
3.61 ×109 4.01 ×105 5.86× 106 152 9.45 2
3.51 ×109 4.07 ×105 3.99× 105 194 7.15 2
3.19 ×109 0 0 - - 2
3.08 ×109 0 0 - - 2
2.95 ×109 5.46 ×105 3.33× 105 172 8.9 3
2.85 ×109 0 0 - - 3
1.82 ×109 1.45 ×105 2.99× 103 202 7.23 4
1.70 ×109 1.96 ×105 2.43× 103 77 3.4 4
1.38 ×109 0 6.1 ×104 - - 4
1.32 ×109 0 4.81 ×102 - - 4
1.11 ×109 0 1.18× 105 - - 2
1.07 ×109 4.48 ×104 8.91× 105 138 5.7 3
8.01 ×108 0 0 - - 4
4.50 ×108 4.25 ×104 4.14× 105 102 4.8 3
Table 2. Parameters of the simulated galaxies: total halo mass
(M200), stellar mass (Mstar), cold (T < 15000) gas mass (Mcoldgas ),
2D half mass radius (r2Dh ), l.o.s. stellar velocity dispersion (σv).
The last column (Res) indicates the resolution of the simulation,
see table 1 for more details. Galaxies are listed in order of (de-
creasing) halo mass, dark haloes have zero stellar mass.
is described in PaperII. For this paper we will only present
the properties of our simulated galaxies at z = 1 or earlier
times.
The simulations have been performed with the SPH
code gasoline (Wadsley et al. 2004). The setup of the code
is the same as the one used in the MaGICC papers (Maccio`
et al. 2012b; Stinson et al. 2013; Kannan et al. 2014), the
code includes metal cooling, chemical enrichment, star for-
mation, feedback from massive stars and super novae (SN).
Stars are formed from gas cooler than T = 15000 K, and
denser than nth = 60cm
−3, this number represents the den-
sity of a “kernel” of particles (32) inside a sphere of radius
equal to the softening (see Wang et al. 2015). We adopt
a star formation efficiency parameter c?=0.1. The cooling
used in this paper is described in detail in Shen et al. (2010)
and includes photoionization and heating from the Haardt &
Madau (2012) ultraviolet (UV) background, Compton cool-
ing, and Hydrogen, Helium and metal line cooling.
SN feedback is implemented using the blastwave ap-
proach as described in Stinson et al. (2013), which relies
on delaying the cooling for particles near the SN event. We
also add what we dubbed Early Stellar Feedback, namely
we inject as thermal energy 10% the UV luminosity of the
stars before any SN events take place, without disabling the
cooling (see Stinson et al. 2013, for more details).
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Figure 2. The stellar mass halo mass relation for our simu-
lated galaxies at z = 1. The colorful points are haloes with stars,
while the red empty circles represent dark haloes. The abundance
matching relations from Moster et al. (2013) and Behroozi et al.
(2013) are shown in black and cyan respectively, the dashed lines
indicate the extrapolation to lower masses.
Haloes in our zoom-in simulations were identified using
the MPI+OpenMP hybrid halo finder ahf1 Knollmann &
Knebe (2011). The virial masses of the haloes are defined as
the mass within a sphere containing ∆ = 200 times the cos-
mic critical matter density. The virial (total) mass is denoted
as M200, the virial radius as r200, finally Mstar indicates the
total stellar mass within 0.1r200.
3 RESULTS
In the following we will present the results of our simulated
galaxies. In all plots simulations are always shown at z = 1,
which represents the time at which (on average) these haloes
will be accreted onto a more massive halo. In most of the
plots the simulation results are represented by color dots or
lines. The same color corresponds to the same galaxy in all
plots, making easier to connect the different properties of
the same galaxy across the various figures.
3.1 Dark, stellar and gas masses at z=1
At first we look into the relation between stellar mass and
halo mass for our galaxies. Results are shown in figure 2,
where colorful circles represent haloes that did form stars,
while empty red circles show “dark” haloes. The grey and
cyan lines represent the abundance matching relations from
Moster et al. (2013) and Behroozi et al. (2013), respectively.
All our galaxies seem to prefer a lower stellar mass than
what is predicted by Behroozi and collaborators and being
1 http://popia.ft.uam.es/AMIGA
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Figure 3. The gas to total mass ratio as a function of stellar mass.
The grey dashed line represents the cosmic value Ωb/Ωm = 0.155
for the WMAP7 cosmology. The galaxy color coding is the same
as in figure 2.
more in agreement with a simple extrapolation of the Moster
relation (the extrapolated part is marked by a dashed line
in both cases).
An interesting thing to notice is the very large scatter
(0.45 dex) in stellar mass at a fixed halo mass: for example
for a halo mass around 7×109 M the ratio between stellar
mass and halo mass changes by about two orders of magni-
tude from 10−3 to 10−5. We will return to the origin of this
scatter later in section 3.4.
For halo masses below 4 × 109M about half of the
haloes remain dark, in other words they are not able to cre-
ate a single stellar particle. This is in fairly good agreement
with previous results of Sawala et al. (2016a, see also Simp-
son et al. (2013)) which use several hydrodynamic cosmolog-
ical simulations of the Local Group to study the discriminat-
ing factors for galaxy formation (i.e. being luminous) in low
mass haloes. Based on their (larger) sample of haloes they
also found about half of the haloes remaining dark at z = 1
at these mass scales. Such a dark fraction is also consistent
with what is required to solve the so-called missing satel-
lite problem (Klypin et al. 1999; Maccio` et al. 2010; Sawala
et al. 2016a). Despite the large number of dark haloes, it is
interesting to notice that the lowest mass halo in our sam-
ple (cyan point with M200 = 5 × 108M) is nevertheless
luminous with about 104M of stars.
At the mass scales analyzed in this paper, we expect
galaxies to be quite inefficient in accreting baryons due to
the UV background (e.g. Gnedin 2000; Hoeft et al. 2006;
Okamoto et al. 2008; Simpson et al. 2013; Noh & McQuinn
2014). In figure 3 we show the gas to total mass fraction as a
function of stellar mass. All galaxies are strongly baryon “de-
prived” with respect to the universal baryon fraction (repre-
sented by the grey dashed line), with some galaxies able to
accrete (and retain) less than 10% of the available baryonic
budget, almost regardless of their stellar mass.
On the other hand the very low gas fraction could also
be a result of gas outflows due to SNe, given that the mass
loading factor of winds increases at lower circular velocities
(Dutton 2012).
Such question has been raised before, for example Simp-
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Figure 4. The gas to total mass ratio as a function of virial mass.
The grey dashed line represents the cosmic value Ωb/Ωm = 0.155
for the WMAP7 cosmology. The galaxy color coding is the same
as in figure 2, while empty circles represent dark haloes (i.e. haloes
that did not form stars).
son et al. (2013) used a set of AMR (adaptive mesh re-
finement) cosmological simulations to study the effect of
reionization on the gas fraction of haloes with masses about
109M. They found that reionization is primarily responsi-
ble for preventing gas accretion in their simulations.
In our case we can use the “dark” haloes, i.e. haloes that
did not form any stars, to also address this question, since
obviously they have been affected by the UV background
but not by SN explosions. In figure 4 we plot the gas frac-
tion as a function of the virial mass of the halo. Dark haloes
(represented by empty symbols) have similar gas fractions
as luminous haloes with the same total mass, strongly sug-
gesting that the UV background is the main reason for the
lack of baryons at these mass scales in good agreement with
previous studies (Simpson et al. 2013; Sawala et al. 2016a)
Our galaxies are quite inefficient in converting their
(cold) gas into stars, as shown in figure 5, where we plot the
cold gas fraction, defined as the mass in gas with T < 15000
and hence eligible for star formation, as a function of the
total stellar mass. Most galaxies have four to six times more
cold gas than stars at z = 1. Since today’s Milky Way and
M31 satellites are very gas poor, this implies that environ-
mental transformation (e.g. ram pressure stripping) should
play an important role in removing gas and completely
quenching these galaxies after accretion (see PaperII).
3.2 Galaxy properties and scaling relations
Despite that our simulations are for isolated haloes, their
aim is to predict the properties of the progenitor (pre-infall)
of galactic satellites. It then makes sense to compare their
structural parameters (radius, velocity dispersion etc.) at
z = 1, before infall, with the observations of Milky-Way and
Andromeda satellites.
For the observational data we have used a compilation
from M. Collins (private communication) which includes re-
sults for the Milky-Way and the Andromeda (M31) galaxy
satellites including: Walker et al. (2009, MW), Koposov et al.
(2011, MW), Tollerud et al. (2012, 2013, M31), Ho et al.
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Figure 5. The cold gas mass fraction as function of stellar mass.
Cold gas is defined as gas with T < 15000K. The galaxy color
coding is the same as in figure 2.
(2012, M31), Collins et al. (2013, M31), Collins et al. (2013,
M31), Kirby et al. (2013, MW), and Martin et al. (2014,
M31).
In figure 6 we show the relation between the half (stel-
lar) mass radius and the stellar velocity dispersion. In order
to mimic observations, the r2Dh has been computed in two
dimensions, meaning that we randomly project each galaxy
and then compute the half mass radius using 2D shells; the
velocity dispersion is computed along the projection radius
of the satellite, equivalent to a line of sight velocity dis-
persion. We then repeat this procedure ten times for each
galaxy and show the average result and its one sigma scatter
for every galaxy.
The simulations reproduce quite nicely the trend of the
observations especially for isolated haloes (blue crosses), but
they have a smaller scatter than the one observed in the MW
and M31. We will show in PaperII, that this scatter increases
substantially after the satellite is accreted and tidally per-
turbed.
In figure 6 the properties of the galaxies are shown at
z = 1 which we assume to be the accretion redshift for all
satellites. This is clearly a quite strong assumption since
both observations and simulations do show a quite large
scatter in the satellite accretion redshift (Maccio` & Fontanot
2010; Weisz et al. 2014). In order to test the impact of our
single accretion redshift approach, in figure 7 we show the
same quantities as in figure 6, but this time we have com-
puted them at a different redshift (chosen random between
1 and 3) for every galaxy. While some points do move, we do
not see any particular systematic change in the plot, which
makes us confident that we are not introducing any strong
bias by performing our study at z = 1.
Figure 8 shows the relation between stellar mass and
metallicity. The simulated galaxies have the same color cod-
ing as in figure 2 and are compared with observations from
Kirby et al. (2011, 2013). Down to a stellar mass of about
106 M there is a fairly good agreement between simula-
tions and observations. Between stellar masses of 105 M
and 106 M the simulations start to have lower metallicity
compared with observations, and below 105 M they have
too low metallicities, by more than two dex. We ascribed this
MNRAS 000, 000–000 (0000)
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Figure 6. The 2D half mass radius vs. the line of sight stellar
velocity dispersion. Simulation results are color coded as in figure
2, the error bars represent the 1 − σ scatter from ten different
projections. Crosses with error bars represent observational data
from Collins et al. (2013), see text for more details.
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Figure 7. Same as figure 6 but using a random redshift between
1 and 3 to compute the properties of the galaxies.
difference to the inability of our enrichment algorithms to
cope with very rapid and very small star formation bursts.
At these very low stellar masses, our galaxies have a very
rapid single stellar burst (see figure 9) which happens on
time scales comparable to our internal time stepping. This
means that the time resolution is too short to properly en-
rich the gas and hence the very low metallicity. We plan to
improve our chemistry network and revisit this issue in a
future publication.
The ability of our more luminous galaxies to match the
stellar mass metallicity relation suggests that this relation
is already in place before the infall and that tidal effects will
make the galaxies move along the relation, see PaperII for
more details.
2 4 6 8 10
log(Mstar/M )
4
3
2
1
[F
e/
H
]
simulation
isolated
MW
M31
Figure 8. Stellar mass - metallicity relation. Observations from
Kirby et al. (2011, 2013) are represented by black and grey sym-
bols with error-bars. Simulation results are color coded as in figure
2; the triangles represent an upper limit to the satellite metallic-
ity.
3.3 Star formation rate and halo response
As already mentioned above the star formation rate at the
edge of galaxy formation is quite stochastic and made of
rapid bursts, followed by long quiescent periods, as shown in
figure 9, where the star formation is computed over a period
of 100 Myrs. In this figure galaxies are ordered by halo mass
(according to table 2) but retain the same coloring scheme
as in figure 2.
Galaxies with similar halo mass (i.e. in neighboring pan-
els in figure 9) show quite diverse star formation histories,
with different times and intensities for the stellar bursts.
This is in quite good agreement with the diversity in the stel-
lar mass assembly of satellites in the Milky Way and M31,
as observed by Weisz et al. (2014). In figure 10 we directly
compare the cumulative stellar mass growth of our simu-
lated galaxies (color coded according to their stellar mass)
with the results of Weisz and collaborators up to z = 1.
As already noted in previous simulations (Governato et al.
2015; Fitts et al. 2016; Wetzel et al. 2016) we are also able to
nicely reproduce the diversity of the observed dwarf galaxies
star formation histories.
Several recent papers have pointed out a correlation be-
tween repeated gas outflows due to star formation bursts and
the expansion of the inner dark matter distribution (Pontzen
& Governato 2012; Maccio` et al. 2012b; Di Cintio et al. 2014;
Madau et al. 2014; Chan et al. 2015; Dutton et al. 2016; Read
et al. 2016; Tollet et al. 2016). It is then interesting to look at
the inner slope of the dark matter density profile in the hydro
simulations and to compare this to their Dark Matter Only
(DMO) counterparts. In figure 11 we show the logarithmic
slope of the dark matter density profile (α = d log(ρ)/d log r)
computed between 1 and 2% of the virial radius, versus the
stellar mass to halo mass ratio. We chose the latter quantity
since it has been shown to be the most correlated with α (Di
Cintio et al. 2014). Results from hydro simulations are rep-
resented by the usual color symbols while the corresponding
DMO (i.e. Nbody) results are shown as black squares; in
both cases the error bars represent the uncertainty from the
MNRAS 000, 000–000 (0000)
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Figure 9. Galaxy star formation histories computed over a period of 100 Myrs. The galaxies are ordered with decreasing total mass (as
in table 2). The values of the stellar masses are reported in each single box. The color coding is the same as in figure 2.
fitting routine. In the same plot we show the fitting formula
from Tollet et al. (2016), which was based on the analysis of
90 galaxies from the NIHAO suite (Wang et al. 2015).
There is a quite good agreement with the results from
Tollet et al. (2016), (see also Chan et al. 2015), meaning
that we see a partial halo expansion for a star formation
efficiency (Mstar/M200) close to 10
−3 (the first two points
on the right), but then for lower star formation efficiency
our galaxies retain the same dark matter density profiles
as their pure N-body counterparts. Baryons are able to al-
ter dark matter profiles possibly only in very massive satel-
lites, while smaller objects are supposed to retain the typical
CDM cuspy Einasto-like profiles (Dutton & Maccio` 2014)
as already pointed out in several previous studies like (e.g.
Governato et al. 2012; On˜orbe et al. 2015, and references
therein)
In figure 12 following Governato et al. (2012) we also
show the same slope α as a function of stellar mass to facili-
tate a possible comparison with observations, symbols have
the same meaning as in figure 11.
Our choice of measuring the profile slope between 1 and
2% of the virial radius is somehow arbitrary; for this reason
we also compute it at a more natural length scale as the 2D
half mass radius (r2Dh , for this measurement we used five
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Figure 10. Cumulative stellar mass growth up to z = 1. Simu-
lations are color coded according to their final stellar mass (right
side bar). Observations from Weisz et al. (2014) are also limited
to z = 1 and are shown in grey.
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Figure 11. Logarithmic slope of the dark matter halo profiles in
the hydro simulation (color symbols) and in the dark matter only
simulation (black dots). The solid line shows the fitting formula
proposed in the NIHAO-IV paper (Tollet et al. 2016). The slope
α is computed between 1 and 2% of the virial radius, while the
error bars represent the uncertainty from the fitting routine.
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Figure 12. Logarithmic slope of the dark matter halo profiles in
the hydro simulation (color symbols) and in the dark matter only
simulation (black dots) as a function of galaxy stellar mass. The
slope α is computed between 1 and 2% of the virial radius.
equally spaced logarithmic bins around the radius.). Figure
13 shows the behavior of this new measurement of alpha
as a function of the galaxy stellar mass. By comparing the
slope for the Dark Matter Only (DMO) simulations with
the one of the Hydro ones, also in this case there seems to
be a particular stellar mass (around Mstar ≈ 106M) above
which the dark matter profiles becomes flatter in the hydro
simulations. It is also interesting to note that for very low
stellar masses, the hydro simulations are slightly contracted
w.r.t. N-body ones on the scale of r2Dh .
Recently Read et al. (2016) presented very high resolu-
tion simulations of isolated dwarf galaxies reporting that if
star formation proceeds for long enough, dark cores of size
comparable to r2Dh always form. The key factor is to have an
extended star formation period, of about 4 Gyr for a 108 M
halo and 14 Gyr for 109 M one. Our galaxies from one side
seem to support Read et al. findings in a sense that galax-
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Figure 13. Logarithmic slope of the dark matter halo profiles at
the scale of the half mass radius. Color symbols represent the hy-
dro simulation (same scheme as previous plots), the black squares
the dark matter only runs.
ies with ”continuous” star formation do seem to have flat
profiles at the half mass radius, as can be seen by looking
at the galaxies in the first row of figure 9 and their respec-
tive position in figure 13. On the other hand none of our
low (stellar) mass galaxies has a cored profile, not even at
the half mass radius. This could be an indication that in a
more realistic, cosmological set up (which also includes the
UV background, an ingredient missing in Read et al. ) all
star formation histories are indeed truncated after the first
bursts and no cores should be expected in low mass galaxies.
A corollary of our simulation results is that, under
the assumption that environmental process do not strongly
modify the dark matter distribution (see PaperII), a firm de-
tection of a large core in any of the Milky Way satellites with
a stellar mass below few 106M will call for a revision of the
simple Cold Dark Matter model . It will possibly point to-
wards a different nature for dark matter, either warm (but
see Maccio` et al. 2012a), or self interacting (Vogelsberger
et al. 2014b; Elbert et al. 2015) or even more exotic models
(e.g. Maccio` et al. 2015).
3.4 Diversity of star formation histories and the
DM assembly
In this section we want to better understand the origin of the
diversity in star formation histories shown in figure 9. To this
extent, we will focus our attention on just four haloes that
have very similar dark matter masses, all around 109.75M,
but have considerably different stellar masses at z = 1 from
4.5× 104 to 3.63× 106M.
In figure 14 we show the star formation histories of
these four galaxies (upper panels) compared to their inner
mass accretion (middle panels) defined as the mass within
a sphere of 2 kpc from the center of the galaxy.
There is a clear correlation between the infall of new
mass (gas and dark matter) and the onset of star formation.
This is particularly evident in the case of sudden jumps in
the enclosed mass, as for example at t ≈ 1 Gyr for the
second (green) and the third (red) object. These are clearly
major merger events that are able to double the mass in
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practically less than 100 Myrs, as we have also confirmed by
visual inspection. Corresponding to these mergers there is a
quick rise in star formation, which in the case of the “red”
galaxy is even followed by an extended (≈ 2 Gyr) period of
activity.
On the contrary, the fourth galaxy (purple) has an ex-
tremely quiet mass accretion history, characterized by con-
tinuous smooth accretion and no mergers. In this case the
star formation is limited to a single early burst which led to
a very low stellar mass at z = 1.
The increase in SFR is due to two effects: the merg-
ing halo brings in new gas for star formation but it also
compresses (due to shocks) the gas inside the main halo,
increasing its density and hence reducing the cooling time.
In order to disentangle these two effects, for every newly
formed star (during the SF peak) we traced back the origin
of its parent gas particle and checked if it was outside the
virial radius at the previous snapshot (about 500 Myrs ago),
meaning that that gas particle came in inside the merging
halo. The results are shown in the lowest panels of figure 14.
For the two galaxies that undergone a merger, about half
of the newly formed stars were generated from ”ex-situ”
gas particles. This results, even though based only on two
galaxies, seem to imply that there is an equal contribution
of new and old gas to star formation.
Overall our analysis suggest that the large scatter in
the stellar mass halo mass relation we find at the “edge” of
galaxy formation is due to the strong impact that mergers
have in triggering star formation and to their intrinsically
stochastic nature.
3.5 Dark haloes
A shown in figure 2, almost half of the haloes with a mass
below 5 × 109M did not manage to form any stars, and
remained dark. This is due to the effect of the ultraviolet
(UV) background parameterized following Haardt & Madau
(2001). This background takes into account the ionization
field produced by quasars and stars and quenches star for-
mation in small galaxies by photo-heating their gas, which
gets too hot to be confined in their shallow potential wells
(Bullock et al. 2000; Somerville 2002; Okamoto et al. 2008).
The extent to which this field is able to affect star forma-
tion depends on the halo mass, and it is usually described
by the so called characteristic mass (Mc) which is defined as
the mass at which haloes on average have lost half of their
baryons (e.g. Simpson et al. 2013)
In figure 15 following Fitts et al. (2016), we show the
mass accretion history of nine haloes, four dark (black lines)
and five luminous (colored lines), that have similar masses at
z = 1, together with the redshift evolution of the character-
istic mass as computed by Okamoto et al. (2008, dashed grey
line). Luminous haloes have a more rapid accretion history
which brings their virial masses above Mc at high redshift,
allowing then gas to successfully cool in the center of the
halo. The three dark haloes, despite achieving the same fi-
nal (z = 1) mass as the luminous ones, are characterized
by a slow mass accretion at high redshift (Ben´ıtez-Llambay
et al. 2017). This sets them below the critical mass at any
redshift, and hence their gas cooling is strongly suppressed
in agreement with previous works (Sawala et al. 2016b; Fitts
et al. 2016, and references therein)
4 DISCUSSION AND CONCLUSIONS
In this work we have presented a large set of cosmological hy-
drodynamical simulations of the formation of several galax-
ies at the lower “edge” of the galaxy mass spectrum. We
have simulated a total of 27 haloes with masses (at z = 1)
between 5× 108 < M200 < 2× 1010 M . These simulations
are aimed to characterize the formation and evolution of to-
days galactic satellites before they are accreted onto their
parent halo. Using the zoom-in technique we are able to at-
tain a very high resolution both in mass (down to few 102
M for gas) and space (with a softening of 20 pc).
Out of our 27 simulations, 19 end up with luminous
haloes with stellar masses between 2× 104 and 5× 106M,
while eight do not form any stars.
The luminous satellites successfully reproduce the main
scaling relations of todays Milky Way and M31 satellites,
namely the size-velocity dispersion relation and the stellar
mass metallicity relation. They have quite diverse star for-
mation rates, ranging from “extended” bursty SF histories
to a single star formation episode in agreement with previ-
ous simulations (Governato et al. 2015; Fitts et al. 2016).
This large diversity generates a large scatter in the stellar
mass - halo mass relation. While the mean values are con-
sistent with the extrapolated results of z = 1 abundance
matching results from Moster et al. 2013, the scatter, at a
fixed halo mass can be as large as two orders of magnitude,
with a standard deviation of 0.45 dex.
By comparing the mass accretion and the star formation
histories of four haloes with the same final (z = 1) total halo
mass (but different stellar masses) we establish a clear cor-
relation between the large deviation in the final stellar mass
and the occurrence (or lack thereof) of substantial mergers
events, which strongly impact the star formation rate even
in such small objects. Mergers have a double effect, first to
bring in new gas and second to compress and enhance cool-
ing of gas already in the halo. The intrinsic stochasticity of
halo mergers explains the large scatter in stellar mass at a
fixed halo mass.
On the other hand eight haloes (out of 27) did not form
any stars, despite having at z = 1 masses that are compa-
rable if not higher than luminous haloes. The presence of
an uniform UV background is the main reason for the lack
of gas cooling and hence star formation in these haloes. We
have shown that these haloes have a very slow mass accre-
tion history which keeps them below the critical mass to re-
tain their baryons (Gnedin 2000; Hoeft et al. 2006; Okamoto
et al. 2008) and reach high enough gas densities to have ef-
ficient cooling.
Finally we look at the response of the dark matter dis-
tribution to galaxy formation in our galaxies. As in previous
works (Di Cintio et al. 2014; Chan et al. 2015; Tollet et al.
2016) we find that the slope of the DM profile (α), calculated
between 1-2% of the virial radius, correlates well with the
efficiency of star formation, defined as the ratio between stel-
lar and halo mass. When compared with results from more
massive galaxies from the NIHAO simulation suite (Wang
et al. 2015) our galaxies seem to sit on the same relation as
their more massive counterparts.
Our results make the clear prediction that baryonic ef-
fects can be neglected in isolated galaxies with stellar masses
below few 106M, on these scales the dark matter will re-
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Figure 14. The star formation rate (upper panels), the mass accretion history (middle panels) and the fraction of stars form from in-situ
vs. ex-situ gas particles (lower panesl). The results are shown for four galaxies with similar halo mass at z = 1, but very different stellar
mass. There is a clear correlation between mergers, i.e. sudden jump in the mass accretion history, and strong star formation episodes.
tain its initial cuspy slope as predicted from pure gravity
simulations.
This result confirm and extends previous findings from
other authors on slightly larger mass scales (Governato et al.
2012; On˜orbe et al. 2015, e.g.) and they implie that the
unambiguous discovery of a cored dark matter distribution
in objects with stellar masses below this threshold, will force
us to rethink the nature of dark matter, since in this case
it will be very hard to invoke a baryonic solution to the
problem.
Our paper covered only half of the life of these galaxies,
from their formation untill the supposed time of accretion
that we fix to redshift one. After being accreted, galaxies will
be subject to tidal forces, ram pressure and stripping. All
these effects will contribute to change some of the properties
they had before accretion. In the companion paper (PaperII,
Frings et al. 2017) we present an extensive analysis of these
environmental effects, which will give a comprehensive pic-
ture of galaxy formation and evolution at the edge of its
mass spectrum.
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